Abstract-Surgery to correct severe heart arrhythmias usually requires detailed maps of the cardiac activation wave prior to ablation. The pinpoint electrical mapping procedure is laborious and limited by its spatial resolution (5-10 mm). We propose ultrasound current source density imaging (UCSDI), a direct 3-D imaging technique that potentially facilitates existing mapping procedures with superior spatial resolution. The technique is based on a pressureinduced change in resistivity known as the acoustoelectric (AE) effect, which is spatially confined to the ultrasound focus. AEmodulated voltage recordings are used to map and reconstruct current densities. In this preliminary study, we tested UCSDI under controlled conditions and compared it with conventional electrical mapping techniques. A 2-D dipole field was produced by a pair of electrodes in a bath of 0.9% NaCl solution. Boundary electrodes detected the AE signal while a 7.5-MHz focused ultrasound transducer was scanned across the bath. UCSDI located the current source and sink to within 1 mm of their actual positions. A future UCSDI system potentially provides real-time 3-D images of the cardiac activation wave coregistered with anatomical ultrasound and would greatly facilitate corrective procedures for heart abnormalities.
Abstract-Surgery to correct severe heart arrhythmias usually requires detailed maps of the cardiac activation wave prior to ablation. The pinpoint electrical mapping procedure is laborious and limited by its spatial resolution (5-10 mm). We propose ultrasound current source density imaging (UCSDI), a direct 3-D imaging technique that potentially facilitates existing mapping procedures with superior spatial resolution. The technique is based on a pressureinduced change in resistivity known as the acoustoelectric (AE) effect, which is spatially confined to the ultrasound focus. AEmodulated voltage recordings are used to map and reconstruct current densities. In this preliminary study, we tested UCSDI under controlled conditions and compared it with conventional electrical mapping techniques. A 2-D dipole field was produced by a pair of electrodes in a bath of 0.9% NaCl solution. Boundary electrodes detected the AE signal while a 7.5-MHz focused ultrasound transducer was scanned across the bath. UCSDI located the current source and sink to within 1 mm of their actual positions. A future UCSDI system potentially provides real-time 3-D images of the cardiac activation wave coregistered with anatomical ultrasound and would greatly facilitate corrective procedures for heart abnormalities.
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I. INTRODUCTION

D
RUG therapy often cannot adequately treat complex arrhythmias and other cardiac abnormalities; in such cases, selective ablation or implantation of a pacemaker may be the only viable option. Interventional treatment of heart abnormalities is planned and evaluated through sequential mapping of the activation sequence using electrode catheters. This is an imperfect laborious procedure guided by fluoroscopy and electroanatomical mapping to image cardiac biopotentials with spatial resolution of the order of 1 cm [1] , [2] . Basket electrode arrays and freely floating multielectrode devices enable parallel recording over a large portion of the endocardium. These systems are complex and difficult to orient and position properly [3] - [5] . Presurgical imaging with computed tomography (CT) and magnetic resonance imaging (MRI) provide anatomical images of the heart to help guide the procedure, whereas ultrasound pulse-echo imaging provides real-time feedback of the endocardium's morphology [6] - [11] .
Rapid and accurate mapping of electric current flow and fields in the body is critical during corrective surgical procedures. Tens of thousands interventional procedures annually in the United States require electrical mapping during treatment for a variety of cardiac and brain disorders, with many more in need of surgical treatment [12] , [13] . Current source mapping using conventional electrophysiology is limited by the tradeoff between spatial resolution and level of invasiveness. Surface electrodes detect population responses from bulk tissue, whereas penetrating electrodes improve localization of the source at the cost of tissue injury.
Optimal source localization with surface electrodes requires as many recording sites as possible to solve an ill-defined inverse problem based on assumptions related to the underlying geometry and tissue resistivity. We propose a new technique called ultrasound current source density imaging (UCSDI) to potentially facilitate and expedite existing mapping procedures with improved spatial resolution. An initial report on this technique has been described elsewhere [14] . Although this paper focuses on potential cardiac applications of UCSDI, it could also apply to electrical mapping during interventional neurosurgery for treatment of epilepsy or brain cancer [15] .
The acoustoelectric (AE) effect is a modulation of electric resistivity ρ by acoustic pressure waves represented by
where ∆ρ is the resistivity change, ρ 0 the direct current (dc) resistivity, ∆P , the acoustic pressure and K I a constant of interaction whose value is of the order of 10 −9 Pa −1 in a 0.9% NaCl solution [16] - [18] .
Initial experiments have previously demonstrated the potential of AE imaging, such as submillimeter spatial resolution and decent sensitivity of current densities (2-4 mA/cm 2 ) [15] , [19] , [20] . UCSDI has also been used to generate 3-D maps of current flow injected into neural tissue with physiologically realistic current densities [15] , [20] . Finally, mapping tissue resistivity based on the AE effect has also been proposed [21] . This study demonstrates that, in a controlled setting, UCSDI has several potential advantages over traditional electrical mapping techniques. A 2-D dipole current distribution is generated in a thin circular bath filled with 0.9% NaCl. Electrical mapping and UCSDI are validated using a custom simulation package and compared with conventional low-frequency methods requiring an inverse solution to estimate the current source.
0018-9294/$25.00 © 2008 IEEE Fig. 1 . Illustration of the different factors in (7), the AE signal equation, as well as the sifting property of the ultrasound beam, the basis for UCSDI. The electrodes generating the unknown current distribution J I are depicted as blue circles marked as " +" and "−." The recording electrodes are labeled R (reference) and M (mobile). Two different configurations of the recording electrodes are shown which produce two distinct recording lead fieldsJ L 1 and J L 2 . All currents in this simple example are assumed to be 2-D and limited to the x-y plane. An ultrasound transducer is focused on the x-y plane. Its beam axis is parallel to the z-axis and its beam position has been shifted to coordinates (x 1 , y 1 ). The beam spot size is shown as a small dash circle. As (7) shows, the AE voltage signal only depends on the dot product of the lead fields within the beam spot. Consequently, the beam "sifts" the distribution. Notice also that within the beam spot,J L 1 is antiparallel to the local current field, whileJ L 2 is orthogonal to it. The origin of the coordinate system is at the center of the circular bath.
II. THEORY
A. Lead Fields and Voltage Measurements
A pair of electrodes is called a lead. A lead's sensitivity distribution is called its lead field, a vector field with dimensions of m −2 . Its shape and distribution are the same as that of the electric field when unit current is injected through the electrodes [22] , [23] . The voltage measured by lead i, V i , due to a distributed current source
is the lead field of lead i and ρ = ρ (x, y, z) is the resistivity. Integration variables (such as x, y, and z) are omitted from subsequent equations, except when needed for clarity.
B. Acoustoelectric Signal Equation
An approximation of the AE signal equation was presented in [16] , which related the resistivity change seen by an arbitrary electrode recording system due to a spatially distributed pressure field. However, the model of the pressure field was limited and assumed to be nonpropagating. We expand on these results by deriving the AE signal equation for focused ultrasound using a more complex model of the pressure field, as illustrated in Fig. 1 . At time t, the ultrasound pressure field is ∆P = ∆P (x, y, z, t), and using (1), the resistivity distribution is
Substituting (3) into (2) leads to
The first term, V we expand the ultrasound pressure factor, ∆P , into its subcomponents such that
with ultrasound beam pattern b(x, y, z) defined with respect to the transducer at the origin (the origin is at the center of the circular bath), P 0 the amplitude of the pressure pulse, and a(t) the pulse waveform. Inserting (6) into (5), we rewrite V
where V AE i (x 1 , y 1 , t) represents the voltage trace measured by an electrode recording system that has a lead fieldJ L i with the ultrasound beam translated to (x 1 , y 1 ), J I the current distribution, and c the speed of sound. An UCSD image is a collection of V AE i that form a spatial map of an electric current distribution.
C. Sifting Property of the Ultrasound Beam in UCSDI
Traditional inverse methods reconstruct electric current density from voltage measurements using (2) . This is a projection of the entire unknown current density field onto the lead field of the recording electrode. To resolve the current density distribution on an N × M grid, with N and M integers, at least 2NM independent measurements are required; otherwise the problem is underdetermined [24] .
The AE signal equation is essentially the same as (2) except for the multiplicative factor of the ultrasonic beam pattern. The focal volume of a beam b(x, y, z) is typically an ellipsoid with a short-axis diameter of 1 mm and a long-axis diameter of 3-4 mm [25] . By contrast, the integration volume of a lead is of the order of centimeters. Because b(x, y, z) is small compared to the integration volume, it acts as a sifting function similar to a Dirac delta function. The AE voltage measurement is, therefore, only proportional to the projection of J I onto the lead field local to Experimental setup for conventional low-frequency measurement. A current distribution was generated by injecting current I through two AgCl electrodes "+" and "−" into a 1-mm thick 0.9% NaCl saline bath. The bath was in a circular container with a 38.1-mm inner diameter. The potential V 0 was measured between a fixed-reference AgCl electrode and a mobile tungsten electrode. The tungsten electrode was moved in discrete steps across the entire bath to map the potential distribution. The presence of current injection wires above the saline prevented complete mapping of the potential distribution close to these wires. The origin of the coordinate system is at the center of the circular bath.
the focal zone, not the entire field. Furthermore, the megahertz frequency of a(t) is a spatial label distinguishing it from the low-frequency voltage, V LF i , simultaneously measured by the electrodes.
The sifting property of b(x, y, z) is illustrated in Fig. 1 , where the beam spot is presented as a dashed circle. Two different recording leads 1 and 2 are shown, which correspond to two different positions of the mobile recording electrode M . Sincẽ J L 1 is antiparallel to J I within the beam spot, the AE signal measured by lead 1 is relatively large. By contrast, asJ L 2 is roughly orthogonal to J I , we expect the AE signal measured by lead 2 to be small. From this example, clearly J I cannot be obtained using only one lead. To solve J I from AE measurements at least one independent lead field for each spatial dimension is required. That is, two measurements are required for a 2-D geometry, and three for a 3-D geometry. This is, however, a great improvement over conventional methods since only three leads are required to yield a fully determined inverse problem, and still retain good spatial resolution. The sifting property of b(x, y, z), as well as the spatial label of the high frequency of a(t), are two key enhancements to electrical mapping with UCSDI. Fig. 2 illustrates the experimental setup designed to generate and detect the 2-D current distribution. A low-frequency sinusoidal current (arbitrarily chosen to be 500 Hz) with peak amplitude of either 28 mA or 0 mA (control) was injected through a pair of AgCl electrode wires (0.15 mm diameter), marked "+" and "−" into a 1-mm bath of 0.9% NaCl placed in a circular container (38.1 mm diameter). At low frequencies (<1 kHz), saline and tissue are primarily resistive, and the alternating current reduces polarization at the electrode interface compared to direct current. Also, at 500 Hz, the frequency of the injected Fig. 3 . Right: Experimental setup for the AE measurement. Left: Experimental timing. The current waveform I(t) was generated using an Agilent 33120A. Its sync output (CURR TRG) was fed into an FPGA which sent a trigger (US TRG) to the pulse-receiver and data acquisition board (DAQ). The AE and pulse-echo signals were acquired after each US TRG. The FPGA triggered the ultrasound transducer on either the positive or negative peak of the current waveform.
III. INSTRUMENTATION
A. Acoustoelectric Signal Measurement and Processing
current is much lower than the ultrasonic frequency of the AE signal, which can be easily filtered from the detected voltage. Stimulating AgCl electrodes were used for their electrochemical stability. The bottom of the container was a thin plastic film acting as an acoustic window. A 5-mm thick layer of mineral oil was placed on top of the saline to insulate the 2-D conductive saline layer. The mineral oil allowed the acoustic wave to pass through the saline window and minimized surface reflections at the saline interface.
Ultrasound was coupled to this container with deionized water (DI-H 2 O). The current waveform was generated by a signal generator (33120A, Agilent, Santa Clara, CA), amplified (MDT694, Thorlabs, Newton, NJ), and ac-coupled to the electrodes. The current was monitored using a multimeter (Toolkit 2707A, BK Precision, Yorba Linda, CA), as well as a differential amplifier, which measured the voltage across a 1-ohm resistor placed in series with the current injecting electrodes.
An AgCl electrode fixed at 0 • was used as the recording reference, while a mobile tungsten electrode was rotated around the boundary in 20
• steps from −60 • to 260 • (N = 17). A 7.5-MHz single-element ultrasound transducer with a diameter of 1.27 cm and focal length of 5.08 cm was focused on the membrane from below, as illustrated in Fig. 3 . The transducer was moved in a raster scan pattern in the xy-plane covering a 16 × 17 pixel grid with a step size of 2.2 mm in each direction. The current generator (33120A, Agilent) provided the master trigger for the experiment at the start of each cycle. It was fed into an field-programmable gate array (FPGA) (ezFPGA, Dallas Logic, Plano, TX), which issued a trigger to an ultrasonic pulser/receiver (5077PR, Panametrics Inc., Waltham, MA) and a digital acquisition board (PDA12, Signatec, Newport Beach, CA) at either the maximum or minimum of the current waveform. At each location, the transducer was pulsed 128 times on both the maximum and minimum of the current waveform. The AE signals corresponding to the positive peak were averaged, as well as those corresponding to the negative peak. The triggering diagram is shown in Fig. 3 to the left. The average AE signal from the positive current peak was subtracted from the AE signal of the negative peak to remove common-mode noise, such as transducer ringing.
To measure the AE signal, each electrode was connected via an analog high-pass filter (480-kHz cutoff frequency) to a differential amplifier (1855A, LeCroy, Chestnut Ridge, NY) with a gain of 20 dB and a bandwidth of 20 MHz. The output was further amplified by an additional 29 dB (5072PR, Panametrics Inc.). The AE signal and pulse echo were sampled concurrently at 50 MHz and digitized with 12-bit precision. All data were processed in Matlab (MathWorks Inc, Natick, MA). Signals were bandpass-filtered between 1 and 3 MHz and converted to analytical form in Matlab. Since the phantom was a saline bath bounded on one side by a plastic membrane and mineral oil on the other, the conductivity profile along the beam axis was approximately rectangular. As the membrane was not perfectly flat, the timing of the pulse echo of the membrane was used to shift the AE signals to align them to the same time index. The signals must be aligned, as the correlation scheme, described next, assumes that signals are identical in shape, differing only in magnitude and sign.
To assign values to the 2-D grid, a representative AE template waveform [one with good SNR] was chosen and correlated with all other AE waveforms. Under the assumption that the AE signals were perfectly aligned, the value at zero lag in the crosscorrelation sequence was chosen as the representative measured value at each grid point. Correlation detection was used to filter out noise spikes within the bandwidth of the AE signal. This resulted in 17 UCSD images arranged in a 16 × 17 pixel grid, one image per angle of the recording electrode. As shown next, each UCSD image was the result of the dot product of the unknown current field and the lead field of the recording electrodes. The next section explains decoupling of the recording lead field from the measured AE signal.
B. Conventional Low-Frequency Mapping of the Field
The dipole current field was independently measured using conventional methods to compare results of UCSDI reconstruction and simulation. The potential distribution in the bath was mapped with a mobile tungsten electrode, mounted on a motorized 2-D translation stage and scanned across a 25 × 24 step grid in steps of ∆x = ∆y = 1.5 mm. The potential was measured with respect to a fixed reference placed on the boundary of the circle at angle 0
• using a differential amplifier (1855A LeCroy). The geometry is illustrated in Fig. 2 to the right. The output of the amplifier was sampled and digitized using an oscilloscope (TDS1002, Tektronix, Beaverton, OR) and transferred to a computer for storage. The magnitude and sign of the trace corresponding to each pixel were measured. In addition, boundary voltages were measured using the same instrumentation and signal processing except that the mobile electrode was rotated around the boundary of the saline bath in 32 steps of 10
• from −60
• to 250
• .
IV. CURRENT SOURCE RECONSTRUCTION
A. Forward Problem of a Single Dipole
The forward problem relevant to this method is finding the measured boundary voltage distribution produced by a point dipole current source. Rewriting (2) in 2-D yields
with
with δ 2 (x, y) the 2-D Dirac delta function, which produces the lead voltage
If we have N leads, the vector of boundary voltages
(where
. . .
by
Equation (13) is the solution to the forward problem. That is, the relationship between the source J I 0 and the boundary voltage is determined [22] . Some inverse algorithms solve this forward problem for all points (x, y) and calculate the normalizedsum-squared error (NSSE) between the measured and estimated boundary voltage distribution for each point. The normalization factor is the maximum error. The algorithm ranks the pixels in terms of likelihood (1-NSSE). The pixel likeliest to contain the dipole is the one that minimizes the sum of squares error between the measured and calculated boundary voltage distribution [22] . We compare this algorithm with the USCDI reconstruction.
B. UCSDI Reconstruction
To derive the USCDI reconstruction algorithm, the signal equation (7) is rewritten and simplified. In the special case of an infinite saline film of thickness h and uniform resistivity ρ , the 3-D resistivity distribution is
where u(z) is the step function. We further assume that the thickness h is small enough such that the recording lead field J L and unknown current field J I are primarily 2-D and the beam pattern b(x, y, z) has a constant cross section across the thickness of the bath
With the ultrasound focus at (x 1 , y 1 ), the voltage measured between the fixed reference and the mobile electrode at angle
Based on these assumptions, A and B in (16) are convolutions. In convolution A, b(x, y) sifts out the value of the dot product at (x 1 , y 1 ), whereas b describes the generation of the high-frequency component of the signal as the acoustic pulse transverses the saline bath.
For the development of the algorithm, we assume the beam is narrow, that is,
By defining
becomes
From (19) , it is clear that the exact time point of A(t) does not affect the reconstruction, so for the sake of argument we choose here the maximum, A 0 = max{A(t)}
Now ( 
The minimum norm estimate of the dipole,
where ( * ) + denotes a Moore-Penrose pseudoinverse. That is
C. Simulation of Lead Fields and Current Distribution
All lead fields (J L i and J I ) were computed using a 2-D QuasiStaticSmallCurrents simulation in Femlab (Comsol AB, Stockholm, Sweden). These fields were simulated to calculate the transfer matrices T(x, y) in (22) and verify the measurements and reconstructions in two steps. First, simulations were compared to conventional low-frequency measurements and, second, actual UCSDI reconstructions were compared with simulations.
The bath was modeled as a circular base domain (diameter = 38.1 mm) with the electrodes modeled as two 0.2-mm diameter circular inner boundaries of the base domain. Each lead field was simulated separately such that there were three boundaries: one exterior and two interior. Boundary conditions prevented flow across the exterior boundary, while assuring inward flow at one interior boundary and outward flow at the other. To simulate the recording lead field, the positions of the recording electrodes were identical to the experimental setup. For the simulations, the injected current lead field (cathode) was placed at (x, y) = ( −1.7, −10.8) mm, while the anode was placed at (x, y) = (0.7, −5.3) mm, based on their actual positions during the experiment.
To determine the transfer coefficients, the lead fields J L i (x 1 , y 1 ) were calculated for each angle on the same 16 × 17 pixel grid used in the experiment. The AE data were simulated by calculating the lead fields and the current distribution J I (x, y) on a high-density 241 × 257 grid with ∆x = ∆y = 0.137 mm and then calculating their dot product. From (16), the AE signal measures the dot productJ
, y 1 ) with low-pass filtering by the ultrasound beam. Therefore, to simulate the effect of the ultrasound beam pattern, a Gaussian filter with a 3 mm diameter at -3 dB was applied to the highdensity dot product data. The result was then downsampled to the same 16 × 17-pixel grid used in the experiment. For the low-frequency simulation, this upsampling/downsampling was not used, and no filtering was applied. The potential distribution was simulated and sampled on a 25 × 24 grid with 1.5-mm step size. The low-frequency boundary voltage was sampled at 10
• intervals, along the boundary of the domain.
D. Processing of Reconstructed Images
The measured and simulated reconstructed vector fields were smoothed with a 2-D Gaussian filter (−3 dB = 1.5 mm) and interpolated to a 300 × 300 grid. The source density of the current field I CSD was calculated by taking the divergence of the interpolated data [26] 
V. RESULTS Both UCSDI and low-frequency measurements agreed well with simulation. The 2-D current field was successfully reconstructed from UCSDI with the current source and sink located to within 1 mm of their actual locations.
A map of the potential distribution measured with conventional methods is contrasted with the simulated field in Fig. 4 . Current-injecting electrodes extending above the saline bath prevented the entire region to be mapped, as illustrated in Fig. 2 . Nonetheless, the correlation coefficient between measured data and the simulated distribution for the remaining pixels (88% of total) was 0.996.
A comparison between boundary voltage measurements and simulations is shown in Fig. 5 . Measurement closely matched simulation with a correlation coefficient of 0.999. The position of the stimulating electrodes prevented measurements between Θ = 260
• and 300
• . Fig. 6 presents a typical high-frequency The presence of the current injecting wires over the bath (illustrated in Fig. 2 ) precluded the mapping of the field close to the electrodes. The color scale is linear. Pixel dimensions for all plots are 127 × 127 µm 2 . trace at a single pixel location and single lead (Θ = 260 • ). The relevant experimental geometry is shown on the right. The conductivity profile along the beam axis was rectangular. The polarity of the AE signal follows the sign of current injection [ Fig. 6, trace B) ]. Trace C) in Fig. 6 denotes the subtraction of the " −" trace in Fig. 6 [trace B) ] from the " +" trace, eliminating common-mode noise. Note that the AE signal is shifted down in frequency to approximately 2 MHz from the incoming acoustic pulse. This is consistent with convolution B in (16) stating that the AE signal is a convolution between the acoustic pulse and an averaging (low-pass) filter with a rectangular-shaped impulse response. Fig. 7 shows an example of a detected UCSD image for a single angle (Θ = 260
• ). It corresponds to (21) . Even for a single lead of two electrodes, the location of the source is highly resolved. There were 16 other similar images-one for each Fig. 6 . Sample traces for a single pixel of a single lead. Geometry is illustrated on the right. Trace A) is the pulse echo with the echoes from different features in the picture to the right. Trace B) has two AE traces, one captured when the ultrasound is triggered on the positive peak of the current waveform ( +) and the other when the ultrasound is triggered on the negative peak ( −). As expected the " +" waveform is 180 • out of phase with the " −" waveform. Trace C) is the subtraction of the " −" waveform from the " +" waveform to minimize common-mode interference. position of the mobile electrode. All 17 images were used to reconstruct the current density as described by (21) and (22) . The results of the reconstruction are displayed in Fig. 8 (left) . Reconstruction based on experimental results (top row) is consistent with simulated reconstructions (bottom row). The x and y components of the current density, as well as the divergence, are also shown in Fig. 8 . Results using a conventional inverse algorithm (i.e., the likelihood as a function of space) are illustrated to the far right [22] . This conventional algorithm, described at the end of Section IV-A, finds the most likely location of a single dipole given the boundary voltage distribution displayed in Fig. 5 .
The divergence of the current density is related to the current source density by (23) . Reconstructions were quantified by locating the current sources and sinks based on the extrema of the divergence distribution of the simulated and measured data. The estimated and actual positions are summarized in Table I. Simulations agreed well with UCSDI and low-frequency to independent measurements of current injection electrode positions. The FWHM is twice the mean distance from a given extrema of the divergence to the half-maximum contour. FWHM = Full-Width at Half-Maximum measurements. The reconstructed current field from UCSDI located the current source and sink to within 1 mm of the actual locations. Note that, in this case, the full-width at half-maximum (FWHM) values of UCSDI were dominated by the lateral dimensions of the focal spot of the ultrasound transducer, which was approximately 3 mm, based on its f number (f /# = 4) and the center frequency of the AE signal (2 MHz).
VI. DISCUSSION
We have described UCSDI, a new method to map current densities based on the AE effect with improved spatial resolution. In this initial study under controlled conditions, UCSDI accurately located a 2-D current source to within 1 mm of its actual position, without making prior assumptions about the nature of the source, other than the resistivity distribution. The accuracy was within one sampling interval of the grid-step size (2.2 mm).
The spatial resolution of UCSDI according to the simplified AE signal equation (16) is dominated by the ultrasound beam, due to its sifting property in UCSDI. The thin current-injecting electrodes (diameter = 0.2 mm) can be considered point sources. The average FWHM of 4 mm for both simulated and measured data was consistent with the beamwidth of the transducer (3 mm) and the applied smoothing filter. The lateral resolution can be improved by choosing a transducer with a tighter focus than the f /4 used for this study. The beam spot size of a narrow-band transducer is roughly equal to the product of the wavelength and f /number, where f /number is the ratio of the transducer's focal length to its diameter. For example, a tightly focused transducer with f /1 at the same frequency would have a focal diameter of approximately 0.75 mm.
The conventional inverse algorithm produced the broad likelihood distribution shown in Fig. 8 (FWHM = 15 mm) . The chosen inverse method represents the best-case scenario for conventional algorithms. The dipole source geometry dovetails with the explicit single-dipole assumption, and the algorithm uses multiple measurements (17) with high SNR. In contrast, our method directly resolves the location of the dipole's source and sink with only the assumption of the resistivity distribution, (in this case, homogenous) which is a necessary assumption of most inverse algorithms. Furthermore, in Fig. 8 a map of the entire 2-D current field is illustrated as an image of the x− and y-components of the field. Direct estimates of the current field would not normally be possible using conventional electrical mapping methods.
Although we demonstrate that UCSDI reconstructs both the magnitude and direction of the current from a synthetic array of 18 electrodes, as few as two electrodes provide detailed information on the actual location of the current dipole (Fig. 7) . Conventional dipole localization would require a large number of electrodes to approach similar results, as Fig. 8 demonstrates.
Although these initial results are promising, the approach has limitations. The small AE signal must be conditioned appropriately (filtering, etc), such as that shown in Fig. 6 . The effect of the small signal can be seen in the noise ripples in the upper-left quadrant of the detected AE image in Fig. 7 . This affected the reconstruction of J X and J Y , as illustrated in Fig. 8 . However, the SNR of the reconstructed image was still sufficient to accurately estimate the current source and sinks to within 1 mm. Further investigations will be aimed at increasing signal size, while reducing sources of noise.
In this paper, a simple 2-D current system was used, for the sake of clarity, to directly compare UCSDI with other methods for mapping biopotentials. However, it is clear from the AE signal equation (7) that this method can be extended to 3-D and more complicated source geometries. Reconstruction using 3-D will probably be not as straightforward as in the 2-D case for which (7) could be separated into two factors in (16) , one that depends only on x and y and the other on z. In a 3-D reconstruction, the dependence of the beam pattern b(x, y, z) on z needs to be taken into account. If the ultrasound transducer and electrode array are fixed in position with respect to each other, a known electrical source can be used to self-calibrate the UCSDI system.
Although this paper focuses on applications of UCSDI to electrocardiography, the technique could also be used for current density analysis in the exposed brain or other neural structures. If this technique were applied to intracardiac electrocardiography, it could potentially generate 3-D current maps of the cardiac activation wave with high spatial resolution. Highframe-rate UCSDI is possible via electronic ultrasound beam steering. Although existing catheters that integrate electrodes with ultrasound are limited to 2-D imaging, technology exists to steer 60
• × 60 • sectors in 3-D, which might be used to generate 3-D images of current flow coregistered with pulse-echo images illustrating structure [11] , [27] , [28] . The relative motion of the catheter might not be a significant problem, since the heart is quasi-stationary during the spread of the activation wave. Motion-compensation algorithms could be used to reduce artifacts associated with heart motion [29] .
USCDI has unique advantages over other methods because there is no registration error between anatomical images and maps of electrical activity. This is superior to conventional inverse localization methods that use presurgical computed tomography (CT) or MRI images for anatomical mapping fused with an electroanatomical map for catheter guidance. MRI and CT provide presurgical, static images of the heart and typically provide no functional information. Registration error between the CT/MRI images and the electroanatomical map has been reported to be in the range of 2-10 mm [8] , [10] , [30] , [31] . Preliminary studies have shown that a combined electrode and ultrasound catheter can be used for anatomical mapping and guidance [11] , [28] . If such a device is made compatible for UCSDI, pulse-echo ultrasound images showing myocardial anatomy and kinematics can be simultaneously integrated with electrical mapping. Such automatic real-time coregistration is currently not found in typical cardiac imaging and would dramatically facilitate guidance during corrective heart surgery.
VII. CONCLUSION
In short, UCSDI has several potential advantages over standard endocardial mapping. This study demonstrates that UCSDI accurately locates sources and sinks to within 1 mm and provides spatial resolution superior to conventional methods. Results were validated using both simulations and direct low-frequency measurements. In addition, UCSDI potentially facilitates conventional electrical mapping procedures with as few as three independent voltage recordings for 3-D localization of current sources. High-frame-rate UCSDI may be possible with electronic beam steering, which would dramatically reduce the time required to map cardiac currents-from hours to seconds. Finally, because of the physics involved, UCSDI is automatically coregistered with B-mode ultrasound., suggesting that an intracardiac catheter would provide real-time mapping of the electrical activity of the heart superimposed on anatomical ultrasound images. Such a device would undoubtedly facilitate electrical mapping of current sources and electrical potentials during interventional surgery.
